Herpesviruses have large double-stranded linear DNA genomes that are formed by site-specific cleavage from complex concatemeric intermediates. In this process, only one of the two genomic ends are formed on the concatemer. Although the mechanism underlying this asymmetry is not known, one explanation is that single genomes are cleaved off of concatemer ends in a preferred direction. This implies that cis elements control the direction of packaging. Two highly conserved cis elements named pac1 and pac2 lie near opposite ends of herpesvirus genomes and are important for cleavage and packaging. By comparison of published reports and by analysis of two additional herpesviruses, we found that pac2 elements lie near the ends formed on replicative concatemers of four herpesviruses: herpes simplex virus type 1, equine herpesvirus 1, guinea pig cytomegalovirus, and murine cytomegalovirus. Formation of pac2 ends on concatemers depended on terminal cis sequences, since ectopic cleavage sites engineered into the murine cytomegalovirus genome mediated formation of pac2 ends on concatemers regardless of the orientation of their insertion. These findings are consistent with a model in which pac2 elements at concatemer ends impart a directionality to concatemer packaging by binding proteins that initiate insertion of concatemer ends into empty capsids.
Herpesviruses have large (130 to 235 kb) linear doublestranded DNA genomes that replicate via concatemeric intermediates consisting of head-to-tail linked genomes (1, 3, 17, 22, 23, 31, 32, 41) . The concatemers are packaged into preformed capsids and cleaved at precise locations to release unit length genomes within the capsids (31) . In previous studies, we analyzed human cytomegalovirus (HCMV) concatemeric DNA for the presence of termini similar to those found on genomic DNA (23) . The HCMV genome contains long and short components, or arms, that consist of unique regions flanked by inverted repeats (30) . The ends of the genome are therefore referred to as the long arm end and the short arm end. We observed that HCMV concatemers contain terminal restriction fragments from the short arm end of the genome but lack terminal fragments from the long arm end (23) . Similar findings of one but not both genomic termini on concatemeric DNA have since been reported for herpes simplex virus type 1 (HSV-1) (22, 32, 41) and equine herpesvirus 1 (EHV-1) (33) , suggesting that this may be a characteristic of all herpesviruses. To explain our observation for HCMV, we proposed a model in which short arm termini on concatemer ends are inserted into empty capsids and packaged until full genome lengths have entered and cleavage sites are encountered. Cleavage then releases unit genomes into the capsids, generating long arm termini on the newly formed genomes and short arm termini on the newly formed concatemer ends. The short arm termini on concatemer ends are then free to encounter additional empty capsids and reinitiate the packaging process (23) .
The directionality proposed by this model suggests that cisacting sequences must exist to control the direction of packaging. Two herpesvirus-conserved cis-acting elements, pac1 and pac2, are necessary for the combined process of cleavage and packaging (5, 8, 10-13, 16, 24, 25, 27, 36, 38, 42) ; however, their specific roles in these processes are not known. We predicted that if pac1 or pac2 functions to control the direction of concatemer packaging, the ends formed on concatemeric DNA from different herpesviruses should consistently contain either pac1 or pac2. Therefore, we sought to determine, with respect to pac1 and pac2, which ends are found on concatemers from different herpesviruses.
As the previous reports detecting one terminus on HSV-1 and EHV-1 concatemers did not specify the corresponding pac element at these ends (22, 32, 33, 41) , we examined earlier reports that characterized the sequences present at the genomic termini of these viruses (8, 11) and found that the ends formed on replicative concatemers of both HSV-1 and EHV-1 contain pac2. Because this result could be purely coincidental, we sought to extend the association by examining two additional herpesviruses: murine cytomegalovirus (MCMV) and guinea pig cytomegalovirus (GPCMV).
The two genome structures of GPCMV, designated type I and type II, are illustrated in Fig. 1A and differ only in the absence of a 1-kb terminal repeat at the right end of type I genomes (14) . Guinea pig embryo fibroblasts (24) were infected with GPCMV strain 22122 (ATCC VR-682) at a multiplicity of infection of 3. After 4 days, infected cells were embedded in agarose blocks and proteinase K treated as described previously (23) . The DNAs were then separated on a 1% low-melting-point Seaplaque agarose (FMC Corp.) gel by field-inversion gel electrophoresis (FIGE) as previously described (23) . This technique has been shown to retain herpesvirus concatemers in the sample loading blocks while allowing smaller linear forms, such as 230-kb genomes, to migrate into the gel (1, 2, 22-24, 32, 33, 41) . After visualizing the DNAs with ethidium bromide and UV light, the sample loading blocks containing concatemeric DNA and sections of the gel containing 230-kb genomic DNA were excised. The blocks were soaked overnight in 10 volumes of 1ϫ HindIII buffer, melted at 68°C, cooled to 37°C, and incubated in a liquid state overnight with 50 U of HindIII. The DNA fragments were then extracted from the agarose by using the Qiaex II kit (Qiagen), digested again with 50 U of HindIII, separated electrophoretically with 0.6% agarose, and transferred to a Nytran nylon membrane (Schleicher and Schuell) as previously described (23) . To detect terminal HindIII M and O fragments, the membrane was hybridized with probe A, which consisted of a KpnI-HindIII fragment from the GPCMV HindIII M fragment, cloned in plasmid pGP14 (Fig. 1A) (24) . To detect terminal HindIII R fragments, probe A was removed by boiling in 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.5% sodium dodecyl sulfate and the membrane was rehybridized with probe B (Fig. 1A) , which consisted of GPCMV HindIII R cloned in plasmid pGP48 (24) . Because this probe contains the terminal repeat, it also hybridizes with M-but not O-terminal fragments. As expected, the 230-kb intracellular DNA contained terminal fragments M, O, and R (Fig. 1B) . Concatemeric DNA contained 6.8-kb OR and 7.8-kb MR junction fragments derived from fusions of genome ends (Fig. 1B) as reported previously (24) . Concatemeric DNA also contained significant amounts of M-and O-terminal fragments, but R-terminal fragments were only very faintly detected, even when overexposed relative to probe A (Fig. 1B) . As the GPCMV pac1 lies near the R terminus, and the pac2 elements (designated pac2 M and pac2 O [ Fig. 1A] ) lie near M and O termini (24) , these results indicate that ends bearing pac2 are associated with GPCMV replicative concatemers, whereas ends bearing pac1 are absent.
A similar analysis was undertaken for MCMV, whose genome lacks internal repeats and invertible elements but has one copy of a 30-bp repeat at each terminus (21) . The ends are named X and C with reference to the EcoRI c and X fragments found at these termini (20) (Fig. 2A) . The sequence of the MCMV genome (28) predicts a 1.6-kb SalI fragment from the X terminus and a 1.1-kb SalI fragment from the C terminus, and therefore, a 2.7-kb SalI fragment is predicted from concatemer junctions ( Fig. 2A) . A ␤-galactosidase-tagged recombinant MCMV (strain RM461) was used to infect murine NIH 3T3 cells (ATCC CRL1658) at a multiplicity of infection of 3 as previously described (35) . DNA was prepared from infected cells 4 days after infection as described above for GPCMV, and in addition, virions were pelleted from culture supernatants by ultracentrifugation, resuspended in agarose, and proteinase K treated as previously described (23) . FIGE was then used to isolate concatemeric and 230-kb DNAs from infected cell samples as well as 230-kb DNA from virion samples. FIGE separation, DNA extraction, and restriction enzyme digestion were carried out essentially as described above for GPCMV, except that SalI was used instead of HindIII. The resulting fragments were separated on a 0.6% agarose gel, transferred to a nylon membrane, and hybridized with probe C, which consisted of a 1.9-kb fusion of MCMV terminal sequences cloned in plasmid pON4048 (25) (Fig. 2A) . Intracellular 230-kb DNA as well as virion DNA contained the predicted 1.6-and 1.1-kb terminal SalI fragments from each end of the MCMV genome (Fig. 2B) . Concatemeric DNA contained a 2.7-kb fragment not found in the genomic DNAs, consistent with a fusion of terminal fragments between adjacent genomes within the concatemer (Fig.  2B ). Concatemeric DNA also contained the 1.1-kb C-terminal fragment but completely lacked the 1.6-kb X-terminal fragment (Fig. 2B ). As the X terminus contains MCMV pac1 and the C terminus contains MCMV pac2 (21) , these data indicate that pac2-containing ends are associated with MCMV replicative concatemers, whereas pac1-containing ends are absent.
To determine if terminal sequences contain cis elements that define which terminus is formed on the concatemer, we took advantage of two recombinant MCMVs that contain internal cleavage sites engineered in opposite orientations at a location about 40 kb from the right end of the genome (Fig. 3A) . In both viruses, 542 bp from the X terminus (nucleotides 1 to 543) were fused with 1,358 bp from the C terminus (nucleotides 228920 to 230278) to create a 1,900-bp cleavage site that was inserted adjacent to an expression cassette for Escherichia coli xanthine-guanine phosphoribosyltransferase (gpt) (used for recombinant virus selection) at nucleotide position 187889 (nucleotide positions are as designated by the published MCMV genomic sequence [28] ). Virus RM4072 was constructed by homologous recombination with plasmid pON4072 and selection for gpt expression as previously described (25, 39) . Virus RM4070 was constructed from plasmid pON4070 in the same way. Plasmids pON4070 and pON4072 were derived from the same blunt end ligation, as previously described (25) , and represent insertion of the gpt/ectopic site-containing fragment into MCMV sequences in opposite orientations. Thus, in virus RM4070, the ectopically inserted terminal sequences form internal inverted repeats of the terminal sequences, whereas in virus RM4072, the ectopic sequences form internal direct repeats (Fig. 3A) .
In both RM4070 (unpublished data) and RM4072 (25) , the ectopic cleavage sites are cleaved efficiently; therefore, we sought to determine which ectopic termini are formed on concatemeric DNA from these viruses and specifically to determine whether sequences within the ectopic insertions or elsewhere in the genome determine which ends are formed on concatemers. Concatemeric DNA and virion-derived 230-kb DNA were isolated from RM4070-and RM4072-infected cell cultures by FIGE as before, but in this case the DNAs were digested with SacI. The resulting fragments were separated on a 0.6% agarose gel, transferred to a nylon membrane, and hybridized with probe D, which consists of a 1.3-kb BamHIMluI fragment gel purified from plasmid pON432 (35) and contains sequences from each side of the ectopic insertions but does not contain terminal sequences (Fig. 3A) . Virion DNA from both viruses contained the predicted ectopic terminal fragments (Fig. 3B) . RM4070 concatemeric DNA contained the 4.9-kb C-terminal SacI fragment but lacked the 4.1-kb X-terminal fragment; similarly, RM4072 concatemeric DNA contained the 4.1-kb C-terminal fragment but lacked the 4.8-kb X-terminal fragment (Fig. 3B) . Thus, regardless of the orientation of the insertion relative to sequences elsewhere in the viral genome, cleavage at ectopic sites resulted in pac2-containing C termini on concatemeric DNA, whereas pac1-containing X termini were absent. Therefore, the 1.9-kb fusion of terminal sequences that was inserted at the ectopic sites must contain cis sequences that determine that pac2 ends are formed on concatemers.
Although seemingly obscure, the observation that herpesvirus concatemers contain one but not both genomic termini has far-reaching implications. First, it appears to eliminate from consideration any cleavage/packaging model in which internal cleavage removes genomes from the interior of the concatemer, since this would generate both genomic ends on two smaller but still concatemeric molecules. Second, the observation implies a directionality defined locally by cis elements. This is further supported by evidence from EHV-1 that the cleavage and packaging process is directional with respect to the long unique region of the genome (33) . The mechanism used by the large double-stranded DNA bacteriophages satisfies these criteria, since single genomes are cleaved only from concatemer ends, leaving one of the two resulting termini on the concatemer and the other on the newly formed unit genome (4). Directionality is imparted in bacteriophage by a cis element on one side of the cleavage site that remains bound to the large subunit of terminase after the site is cleaved. The terminase subunit then serves to initiate the next round of packaging by docking the concatemer end to the portal vertex of a phage prohead (6) . This docking aspect is recapitulated during packaging of adenovirus DNA, in which a cis sequence element located near one end of the genome initiates packaging of unit genomes into preformed adenovirus capsids (9, 15, 29, 37) .
From our results, two conclusions regarding herpesvirus cleavage and packaging can be made. First, there are cisacting elements located at herpesvirus cleavage sites (and consequently, near genomic termini) that control which ends are formed on replicative concatemers. For MCMV, these elements must lie within the 542 bp of X-terminal or 1,358 bp of C-terminal sequences recapitulated at the ectopic cleavage sites. Second, control is somehow linked to the positions of pac1 and/or pac2. This conclusion is based on the cumulative observations that concatemers from five different herpesviruses (HCMV [23] , HSV-1 [11, 22, 32, 41] , EHV-1 [8, 33] , GPCMV [this study], and MCMV [this study]) lack detectable pac1 ends, yet, with the exception of HCMV (for which pac2 remains undefined), these concatemers contain readily detectable pac2 ends. Within the context of a phage-like mechanism, an attractive model would posit that pac2 on concatemer ends controls the ini- tiation and hence direction of packaging in a -like manner by docking concatemer ends with empty capsids.
While well precedented and consistent with the available data, this model should be considered preliminary. Terminal sequences other than pac1 or pac2 could be responsible, and alternative mechanisms are certainly possible. Even within the context of this model, the process of cleavage and packaging is almost certainly more complex. As in bacteriophages (4, 6), because nascent concatemers are probably not formed with authentic genomic termini, it seems likely that a packagingindependent mechanism exists to occasionally cleave concatemers internally in order to create initial ends that can subsequently serve to initiate processive packaging and cleavage. Furthermore, herpesvirus concatemers are almost certainly not simple linear molecules, but are believed to be highly branched as a consequence of frequent recombinations within or between concatemers (1, 2, 22, 23, 32, 34, 41) . Resolution of these branches by a viral-encoded alkaline nuclease appears to be important for retention of cleaved DNA within capsids (22) . Evidence for frequent inversions of the EHV-1 long unique region within concatemers adds a new dimension of complexity by generating concatemers in which the cleavage frame is disrupted when pac1/pac2 terminal junctions are replaced by pac1/long unique sequence junctions (33) . Although these sites lack pac2 elements, they appear to be cleaved, since novel ends terminating with long unique sequences are common on concatemers (33); however, this does not necessarily indicate that cleavage at these sites is efficient, as the ends on concatemers could represent accumulation of rare cleavage events over the course of infection. In most instances, the cleavage/packaging machinery may stall at these sites until an additional inversion event restores the pac2 end of the long unique region to the site. In the context of the model proposed here, concatemer ends lacking pac2 should be unable to serve as substrates for packaging because they lack pac2 elements; indeed, despite their frequent presence on EHV-1 concatemers, ends lacking pac2 are not incorporated on extracellular packaged genomes (33) .
Finally, it is a formal possibility that concatemer end formation may not accurately reflect the mechanism of herpesvirus cleavage and packaging. For example, concatemer ends could represent an accumulation of dead-end by-products of the cleavage/packaging process. This latter concern seems improbable, given that formation of HSV-1 concatemer ends occurs early in the replication cycle concomitant with the first indications of genome cleavage (41) and is dependent on the expression of viral genes required for genome cleavage and maturation (19, 40) . Even so, direct physical evidence, such as nuclease protection studies to demonstrate that herpesvirus DNA is packaged into capsids in a particular direction or experiments to identify protein-DNA interactions between pac2 and the herpesvirus packaging machinery, is needed to corroborate the directional packaging model. For HCMV, pac2 elements have not been clearly defined. The inverted repeats of the HCMV short arm are called c sequences and a terminal repeat, or a sequence, is present in one or more copies at the long arm terminus and as a single copy adjacent to the c sequence at the short arm terminus (analogous to GPCMV type II genomes); however, a significant population of short arm termini lack this a sequence and therefore end with a c sequence (36) (analogous to GPCMV type I genomes). A pac1 element is located near one end of the a sequence such that it lies near the long arm end of the genome (26, 36) , which is absent from HCMV concatemers (23) . A sequence proposed as the HCMV pac2 sequence by Kemble and Mocarski has pac2 sequence characteristics but is located at an unusual position internal to pac1 within the a sequence (18) . No sequences with clear pac2-like characteristics are found near the ends found on HCMV concatemers, i.e., near the other end of the a sequence from pac1 or near the terminal end of the c sequence (5, 7, 18, 23, 26) . Thus, it is not possible to state that HCMV concatemer ends contain pac2 elements but only that pac1-containing ends are absent.
One scenario that reconciles these observations is that HCMV concatemer ends may contain cryptic pac2 elements that function as pac2 elements but lack recognizable pac2 sequence characteristics. Evidence for cryptic pac2 elements in GPCMV was first suggested by alignment of M-and O-terminal sequences, which revealed a conserved region that in M comprised a typical pac2 element (pac2 M [Fig. 1A (24) . Since the short arm termini of HCMV similarly exist as ends having or lacking an a sequence, we aligned the short arm terminal regions of a sequences from HCMV strains Towne (26) and AD169 (7) with the terminal region of the AD169 c sequence (7) and identified two blocks of conservation between all three sequences (Fig. 4) . The first block, containing sequences provisionally designated pac2 a (within the a sequence) and pac2 c (within the c sequence), lies a typical distance from the point of cleavage for herpesvirus pac2 elements (Fig. 4) . The second block lies distal to the first (relative to the termini) and contains sequences similar to CGCGGCG motifs (Fig. 4) , which in some herpesviruses are found distal to pac2 elements (10, 12, 21, 24, 42) and in MCMV play a significant role in cleavage and packaging (25) .
The significance of these conserved regions remains to be determined; however, both are found near HCMV concatemer ends (23) and their locations relative to pac1 are fully consistent with pac1/pac2 arrangements in other herpesviruses. In particular, the arrangement of pac1/pac2 a /pac2 c in HCMV is highly analogous to the arrangement of pac1/pac2 M /pac2 O in GPCMV. In the absence of data that functionally define the cis cleavage/packaging elements of HCMV, these putative cryptic pac2 elements are tenable alternatives to the pac2 sequence   FIG. 4 . Alignment of HCMV short arm terminal sequences. HCMV strain AD169 short arm terminal sequences ending in a c sequence are aligned with strain AD169 and Towne short arm terminal sequences ending in an a sequence (7, 26) . Vertical lines indicate identical bases, dots indicate gaps added to improve alignments, and brackets indicate the putative cryptic elements pac2 a and pac2 c . Dashed boxes indicate the two blocks of conservation, and the solid box indicates sequences similar to CGCGGCG motifs (on the complementary strand).
proposed by Kemble and Mocarski (18) that should be considered when designing experiments to assess in vitro cleavage or DNA binding activities of putative HCMV terminase proteins.
